A simple and practical method was developed to prepare a series of phytic acid (PA)-metal complex coatings on iron substrate by directly immersing the iron samples in the mixed solutions containing PA , Co 2+ and Ni 2+ herein). Due to the strong coordination ability, PA molecules may be self-assembled on the iron surface, forming a layer of organic thin film (here defined as PA film), without the help of additive metal ions. However, the comparison between PA film and PA-M coatings shows that PA-M coatings were much thicker (over 15 mm) and denser and also possessed much stronger anti-corrosion performance compared to the PA film.
A simple and convenient method to fabricate new types of phytic acid-metal conversion coatings with excellent anti-corrosion performance on the iron substrate † , Co 2+ and Ni 2+ herein). Due to the strong coordination ability, PA molecules may be self-assembled on the iron surface, forming a layer of organic thin film (here defined as PA film), without the help of additive metal ions. However, the comparison between PA film and PA-M coatings shows that PA-M coatings were much thicker (over 15 mm) and denser and also possessed much stronger anti-corrosion performance compared to the PA film.
The present study provides a new path for the fabrication of environmentally-friendly PA-based chemical conversion coatings and further broadens the application range of PA in metal surface pretreatment.
Introduction
Corrosion prevention of iron and steels has always been the focus of intensive fundamental and applied research. The corrosion of iron and steels not only brings severe damage to the national economy but also causes environmental pollution and human injury. [1] [2] [3] Consequently, various anti-corrosion methods have been developed to slow the corrosion rate of steel parts or products in different corrosive environments.
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Among them, chemical conversion coating, i.e. a multifunctional, protective surface layer on a metal substrate that is created by chemical reaction between the metal and a chemical solution, is playing an irreplaceable role in the corrosion protection of metals as a major means for metal surface pretreatment. The two most widely used chemical conversion coatings are chromate conversion coating and phosphate conversion coating. [7] [8] [9] [10] [11] Taking the conventional phosphate coating as an example, it is typically used as a foundation for further coatings or painting. This requires the conversion coating to provide not only the protective effect on the corrosion of metal substrate but also the strong adhesion between the paint/coating and the substrate. However, due to the high toxicity of hexavalent chromium to ecological environment and human health as well as the serious phosphorus pollution caused by the discharge of the inorganic phosphates, the development of environmentally-friendly conversion coatings as substitutes for the conversional ones has become international consensus. 7, 8 Several chromium-and phosphate-free alternatives, such as sol-gel coatings, 12,13 conductive polymer coatings, 14 ZrO 2 -based nano ceramic conversion coatings and rare earth-based lms, 7, 15, 16 have come up in this situation although their overall performance and durability need to be improved in comparison with those of chromium and phosphate conversion coatings.
In view of the above-mentioned facts, some researchers have turned their attention to natural, nontoxic, and multifunctional compounds and tried to use them as green lm-forming substances to construct environmentally-friendly chemical conversion coatings with excellent anti-corrosive performance. Because of nontoxicity, unique molecular structure and especially the strong binding affinity to some important minerals, such as iron, zinc, and calcium, phytic acid (PA) has attracted researchers' special attention in the eld of metal surface treatment for a long time. 7, 18, 19 It is expected that PA is able to produce a corrosion protective lm through chelation with the dissolved metal ions. It is reported that PA was used as a green corrosion inhibitor to protect copper, iron and Mg-Li alloys against corrosion. [17] [18] [19] [20] [21] Unfortunately, the PA thin lms formed on the surface of Mg and Al alloy showed relatively poor anticorrosion ability when they served as protective barrier layers. 22 More recently, our group has found that PA can work as an corrosion inhibitor for the iron under acidic conditions while as a lm former on the iron surface under neutral conditions. 18 The results showed that PA did not show the strong inhibition effectiveness in two conditions.
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Meanwhile, in what way PA molecules construct the corrosion protective lm has remained unclear and controversial so far. And what is more, there have been few reports concerning the self-assembly of PA molecules on the iron surface at present.
Recently, some reports about the fabrication of functional coatings on solid substrates based on the continuous deposition of the complexes of multifunctional ligands with metal ions, such as dopa-Fe complexes, 23 were obtained from Sinopharm Chemical Reagent Co., Ltd. All aqueous solutions used here were prepared using ultrapure water (electrical resistivity: $18 MU cm).
Fabrication of PA-based thin lms
The dilute PA solution of 5 mg L À1 was prepared by diluting 50 wt% PA solution with ultrapure water. Then pH value of the dilute PA solution was adjusted from about 1.5 to 6 by adding NaOH solution in order to meet the requirement for preparing high-quality PA lm on the iron substrate. The PA solution with pH ¼ 6 was used as the lm-forming solution for the preparation of the PA thin lm. An iron sample was immersed in the lm-forming solution for 10 min, and then taken out from the solution, washed with ultrapure water for 2 min, followed by drying at room temperature. In this way, the PA thin lm was formed on the iron substrate. were directly formed on the iron substrate.
Surface analysis and characterization
The ATR-FTIR spectra of PA-based coating coated iron samples were carried out using a Bruker TENSOR 27 FTIR in wave number range of 500-4000 cm À1 . The X-ray photoelectron spectroscopy (XPS) measurements were performed using a Perkin Elmer PHI 5300 system tted with an Mg Ka X-ray source and analyzed by XPS soware (XPS peak 4.1) with a reference value 284.5 eV (C-C/C-H). A eld emission scanning electron microscope (FESEM) equipped with energy dispersive spectrometer (EDS) was used to investigate the surface morphologies and elemental compositions ratio of all samples. Crosssectional SEM images were obtained to evaluate lm thickness and growth mode of PA-based lms. All SEM measurements were implemented in a JSM-6390LV SEM (JEOL, Japan) instrument. AFM images were obtained using a Nanoscope IIIa AFM with a xed exible micro cantilever under tapping mode.
Electrochemical measurements
HZ-7000 and CHI 604C electrochemical workstations were used to conduct electrochemical impedance spectroscopy (EIS) and polarization curve measurements, respectively. Electrochemical tests were carried out in conventional three-electrode test cell with 3.5 wt% NaCl solution as the electrolyte solution. The untreated or treated iron samples directly worked as the working electrode, a platinum plate as the counter electrode and Ag-AgCl electrode (EEGs) as reference electrode. EIS À1 were attributed to hydroxyl stretching vibrations and the peak positions shied towards low wavenumbers due to the formation of intermolecular hydrogen bonds. In particular, a series of new peaks located at 861.5 cm À1 assigned to P-O-M (M represents the metal ions that coexisted with PA) bonds emerged, which provided the direct evidences for the formation of metal phytates.
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For the iron modied by the PA lm, P-O-M (P-O-Fe) bonds originated from the complexation of phytic molecules with the dissolved iron ions under acid condition. In addition, all peaks for the PA lm modied iron were relatively weak, so we can assume that only a small amount of PA molecules were absorbed onto the surface of iron substrate and the resulting PA lm was very thin.
According to the XPS spectra shown in Fig. 1b 
, Co 2+ , Ni 2+ ) coating contained the coexisting metal ions and revealed the intense signal related to P element. This indicates that metal ions participated in the formation process for the PA-M coatings. For the iron covered with the PA lm, the signal of P element was almost invisible and the signal from the iron element was the most intense (see Fig. S1 †). It also shows from one side that only a few PA molecules anchored on the iron surface. According to the previous report, the Fe 2p peak at about 723.3 eV was associated with Fe 2+ . 28 Another two peaks located at around 713 eV and 725.7 eV were assigned to Fe 3+ bound to phosphate group. 28, 29 In addition, the inset in Fig. 1b showed that high resolution spectra of P element for the PA lm-modied iron. The high resolution P 2p spectrum may be decomposed into two peaks. The peak located at 132.7 eV was corresponding to phosphate groups in phytate, 30 and another peak centered at 135.0 eV was associated with phosphorus in iron polyphosphates. 31 Therefore, PA lm was formed through a chelation reaction between phytic molecules and dissolved iron ions, followed by the formation of intermolecular hydrogen bonds.
Similarly, high resolution XPS spectra of major elements (P and the coexisting metals) for different PA-M coatings (see Fig. 2 ) were tted to better understand the surface compositions of PA-M coatings. The high-resolution P 2p spectra for all the PA-M coatings consisted of two main components: one peak located at higher binding energy was attributed to metal polyphosphates (135.5 eV for zinc polyphosphates, 135.3 eV for calcium polyphosphates, 134.9 eV for cobalt polyphosphates, and 135.1 eV for nickel polyphosphates); another peak centered at lower binding energy was related to phosphate groups in phytic acid molecules.
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The high resolution spectra of the coexisting metal elements were also analyzed. The measured high resolution Zn 2p spectrum could be tted by four parts. One was at 1021.6 eV, and others were located at 1023.6 eV, 1026.6 eV and 1032.1 eV, respectively. The peak centered at 1021.6 eV was assigned to zinc oxide, 32 other peaks were located at higher binding energies than the peak position of zinc oxide. The difference was in accordance with the formation of a zinc phosphate network that is more ionic than a zinc oxide network. 33 Specically, the binding energy value of 1023.6 eV can be compared with the corresponding BE value of 1024.1 eV, as reported for Zn(His) 2 (zinc complex with histidine ligand), wherein Zn atoms were 34 Therefore, the peaks located at 1023.6 eV, 1026.6 eV and 1032.1 eV originated from the coordination of oxygen and zinc atoms, indicating that zinc atoms were the state of coexistence of complex and oxide. The measured high resolution Ca 2p spectrum was tted with two components: Ca 2p 3/2 at 346.9 eV and Ca 2p 1/2 at 350.3 eV, which were agreed well with that of hydroxyapatite (consist of two parts: apatite and hydroxyl). 35, 36 Therein, the Ca 2p 3/2 at 346.9 eV was the characteristic of calcium ions bounded with a phosphate group. 
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Therefore, compared with the hydroxyapatite, the PA-Ca coating consisted of Ca 2+ bound to the phosphate group from phytic acid molecules and hydroxyl component from P-OH. The high resolution Co 2p spectrum was resolved into the four signals centered at 781.1 eV, 783.6 eV, 786.5 eV and 789.3 eV, respectively. The component at 781.1 eV was attributed to the characteristics of Co 2+ that coordinated to O ions. 37 The peak located at 783.6 eV was assigned to the presence of cobalt phosphate. 38 Meanwhile, the peak centered at 786.5 eV was ascribed to the Co-OH and the peak at 789.3 eV was the satellite of Co 2+ . 37, 39 The high resolution Ni 2p 3 spectrum observed was tted with up to ve components. The resolved Ni 2p 3 peak located at the lowest binding energy of 854.6 eV was ascribed to the Ni in nickel oxide. 40 The peak at 857.8 eV with a satellite at 862.6 eV was the characteristics of nickel phosphate. 41 The remaining two peaks at higher binding energy were assigned to Ni 2+ . 42, 43 It was worth noticing that metal polyphosphates (metal phytate) were generated and supposed to be major components for all PA-M coatings. Maybe the coexisting metal oxide or hydroxide was included into the coatings.
SEM and AFM characterizations
SEM measurement was carried out to study the differences in surface morphology between the naked iron and the iron coated with PA-based coatings (Fig. 3) . Meanwhile, cross-sectional images were also given to observe the changes of lm thickness under the conditions of existence of PA and different metal ions (see Fig. 4 and S4 †). It was observed that there were some small holes on the surface of the iron sample covered with the PA lm. This phenomenon was also observed from a mica sheet modied with the PA lm (Fig. S5 †) by AFM. It is roughly determined that the PA lm was very thin with a thickness of 0.56 mm. The PA-based coatings became denser with the help of coexisting metal ions, as shown in Fig. 3c-f . Therein, a large number of spherical particles appeared on the surface of the iron sample covered with the PA-Ca coating compared to the naked iron. It is inferred that the lamellar structure based on calcium phytate was rstly formed on the iron substrate, which can provide massive hydroxyl groups and induce spherical particles to grow on its surface. This situation is very similar to the formation process of polydopamine-assisted hydroxyapatite. 44 At last the lamellar structure was fully and uniformly covered by the spherical particles, as indicated by Fig. S2 . † In addition, EDS elemental analysis and mapping were performed for all the PA-based coatings. Each metal element corresponding to the PA-M coating was uniformly dispersed into the coating within a relatively wide range (see the insets in Fig. 3c-f) . EDS elemental analyses showed that, in contrast with EDS spectrum of the PA lm, the signal of P element signi-cantly increased in intensity but that of Fe element from the metal substrate greatly reduced aer the iron surface was coated with the PA-M coatings, especially in the case of PA-Zn coating (See Fig. S3 †) . It is obvious that PA-M coatings are much thicker and denser than the PA lm so that the iron signal from the substrate is strongly blocked.
The cross-sectional SEM images of PA-M coatings further conrmed the above inference (see Fig. 4 ). The presence of coexisting metal ions in the lm-forming solutions greatly increased the thickness of PA-based coatings, without question. All PA-M coatings were over 15 mm thick, 30 times more than the thickness of PA lm. Therein, the thickness of PA-Zn coating was about 37.5 mm. Moreover, the crosssectional topography for the PA lm was quite different from that of PA-M coatings. For the PA lm, whole layer structure was an integrated structure; but for every PA-M coating, the coating was constructed in layer-by-layer mode. Metal ions acted as the bridging or crosslinking agent, greatly promoting the growth of the PA-M coating in three dimensional directions.
Based on above SEM observations, it is concluded that the PA lm is thin and porous compared to the PA-M coatings. It is possible that corrosive ions readily penetrate the PA lm and cause the corrosion of metal substrate. By contrast, when PA coexisted with metal ions (Zn 2+ , Ca 2+ , Co 2+ and Ni 2+ herein), metal ions served as crosslinking agents to connect more PA molecules, thereby making the PA-M coatings become denser and thicker. As-fabricated PA-M coatings are expected to have the better corrosion resistance. AFM measurements were performed to evaluate the differences in surface roughness between the naked iron and the iron coated by PA-based coatings, as shown in Fig. 5 . Based on roughness analysis, the root-mean-square (RMS) roughness values showed obvious changes aer the iron surface was covered by the PA-based coatings. For the naked iron, the roughness value of RMS was 4.40 nm. Aer being covered by PAbased coatings, the RMS roughness values became larger at different levels (e.g. 6.43 nm for PA lm, 11.2 nm for PA-Zn coating, 5.99 nm for PA-Ca coating, 8.38 nm for PA-Co coating and 5.56 nm for PA-Ni coating). The increase of roughness values is very benecial for enhancing adhesion strength between the PA-based conversion layers and top coatings in painting system. 
Anticorrosion performances
3.3.1 Polarization curves. Fig. 6 shows a group of polarization curves for the naked iron and PA-based coatings modied iron in 3.5 wt% NaCl solution. For the PA lm modied iron, the corrosion potential was almost the same with that of the naked iron and the cathodic corrosion current was suppressed to a lesser degree. Conversely, it was very obvious that corrosion potentials shied towards the positive direction aer the iron substrates were coated with PA-M (M ¼ Zn substrate: the cathodic current decreased by almost an order of magnitude and the anodic current increased very slowly in the potential range from À0.6 V to À0.54 V, which means that anodic dissolution rate of iron was very slow at anodic potentials slightly higher than the corrosion potential. It can be inferred that the unreacted hydroxyl derived from phytic molecules in the PA-Zn coating was able to chelate the dissolved Fe 2+ ions, generating insoluble precipitates that protected the underlying iron from the further dissolution. Corrosion potential (E corr ), corrosion current density (i corr ) and other electrochemical parameters involved in the corrosion process, such as anodic Tafel slope (b a ), were acquired by using the Tafel extrapolation method. Meanwhile, protection efficiencies (PE, expressed as h) of all PA-based coatings were calculated according to the following equation:
where i corr and i 0 corr represent the corrosion current densities of the naked iron and the modied iron with PA-based coatings. All electrochemical parameters were collected in Table 2 . It is ) coatings modified iron electrodes in 3.5 wt% NaCl solution. clear that the PA-M coatings had the stronger anticorrosion performance than the PA lm and PA-Zn coating displayed the highest efficiency of 95.52%, almost twice the value of PA lm. Therefore, the presence of metal ions in coatings enhanced anticorrosion ability of PA-M coatings to different degrees. 3.3.2 EIS measurements. EIS measurements were performed to compare the corrosion behavior of the iron substrates before and aer being coated with different PA-based coatings at the respective open-circuit potentials (OCPs). Nyquist spectrum of the naked iron was composed of a capacitive loop in high frequency and an inductive loop in low frequency (see inset in Fig. 7a ). General speaking, the high frequency capacitive loop usually originates from the relaxation process of the chargetransfer resistance and the double-layer capacitance, and moreover, the rate of corrosion reaction is reected well by the corresponding value of charge-transfer resistance. Meanwhile, the charger-transfer resistance is equivalent to the diameter of the capacitive loop. Thus, we are able to determine the rate of a corrosion process by comparing the diameter of high frequency capacitive loop. The larger the diameter, the slower the rate of the corresponding corrosion reaction. As for the impedance features of the PA lm modied iron, except for a relatively larger capacitive loop, its impedance behavior was similar to that of the naked iron in the complex plane. In particular, their Bode phase plots further indicate that the corrosion process of iron substrate only involved a constant time whether it was coated with the PA lm or not. The main reason is that, corrosive substances (H 2 O, Cl À ions and dissolved oxygen) could easily pass through the thin lm and cause the corrosion of the substrate, because the PA lm is thin, porous and discontinuous. In view of the similar impedance behavior, impedance behavior of the naked iron and the PA lm modied iron can be modeled by two equivalent circuits with the same form but different physical meaning shown in Fig. 8a . In this circuit, R s represents the solution resistance, R ct charge-transfer resistance, and CPE dl is a constant phase element (CPE) that is used as the substitute for pure capacitor to t more exactly the depressed capacitive loop. For the naked iron, the CPE may stand for the double-layer capacitance at the iron/solution interface. However, for the PA lm modied iron, the CPE // contained the contributions from the capacitance of PA lm and the double-layer capacitance at the iron/solution interface. When coexisting metal ions participated in the lm-forming process, the great changes of the impedance behavior were observed from the corresponding Nyquist and Bode spectra. The Nyquist spectra for the PA-M coating modied iron electrodes show a large capacitive loop in complex plane and the size of capacitive loop is dependent on the coexisting metal ion in the lm-forming solution. Bode impedance spectra indicate more clearly that the corrosion process of iron substrate involved two time constant for each PA-M coating modied electrode, including PA-Ca modied electrode, although its time constant in high frequency seemed not obvious. As compared with the naked iron electrode, the new time constant appeared in high frequency region, which was associated with the relaxation process of the lm resistance and the doublelayer capacitance at the defective sites. The impedance behavior of PA-M coating modied electrode can be interpreted with the equivalent circuit shown in Fig. 8b . In this circuit, R s and R ct have the same physical meaning as what they represent in the circuit shown in Fig. 8a . R a stands for the lm resistance, CPE 0 dl is corresponding to coating capacitance and CPE 00 dl is associated with double-layer capacitance at the iron/solution interface.
On the basis of the two equivalent circuits, the values of elements were required by tting the impedance data and listed in Table 3 . Meanwhile, the protection efficiency (PE) of each PAbased coating was calculated according to the following formula:
where R ct and R 0 ct stands for the values of charge-transfer resistance for the naked iron and PA-based coating modied iron respectively. It should be noticed that PA-M coatings all exhibited the higher protection efficiencies, changing from 88.64% to 98.54%, compared with the PE value of 40.46% for the PA lm. Among the four PAM coatings, PA-Ca coating presented the smallest lm resistance and the PA-Zn coating showed the best anticorrosion property. In addition, it is not difficult to nd that the protection efficiencies obtained from EIS results were slightly higher than the results obtained from polarization curves, especially for the PA-Co coating. The possible reason was that the coatings suffered more damage under applied potentials during polarization curves were measured.
Film-forming mechanism for the PA-M coatings
PA molecule, as a multifunctional ligand containing 6 phosphate carboxyl groups and 12 hydroxyl groups, can be anchored onto the iron surface in the manner of self-assembly based on the complexation effect. In more specic terms, a PA molecule is able to complex the Fe 2+ ions dissolved from the iron substrate in aqueous solution and further adsorbs onto the iron surface. Meanwhile, intermolecular hydrogen bonds are starting to form. In this way, thin and porous PA lm can be directly formed on the iron surface. When PA and metal ions coexist in the same solution, the lm-forming mechanism of PA on the iron substrate is greatly changed. Fig. 9 shows a schematic diagram for the formation of
, Ni 2+ ) coatings on the iron substrate. In the mixed solution of PA and metal ions, PA molecules may complex the coexisting metal ions to form the metal phytate complex with the lamellar structure. Once an iron sample (e.g. iron plate) is immersed in the lm-forming solution, some PA molecules will rstly anchor on the iron substrate in the pattern of self-assembly mentioned above, forming PA bottom layer, and then more PA molecules will deposit on the bottom layer through the chelating reaction between phytic molecules and the designated metal ions. Finally, the thicker Fig. 8 Equivalent circuits used for fitting impedance behavior of the iron electrodes before (a) and after being coated with the PA film (a) and PA-M coatings (b). Table 3 Values of elements of equivalent circuits in Fig. 8 obtained by fitting the impedance spectra shown in Fig. 7 and denser PA-M coatings, mainly composed of metal phytate complexes with the lamellar structure, spontaneously form on the iron substrate through the layer-by-layer growth. At the same time, metal oxides or hydroxides may be included into the PA-M coating due to the existence of oxygen in the lm-forming solution. The present lm-forming mechanism is very applicable to illustrating the formation of PA-Zn, PA-Co and PA-Ni coatings and partially suitable for describing the formation of PA-Ca coating since there are some spherical particles on the lamellar structure.
Seeing that the as-prepared PA-M coatings possess the excellent anticorrosion performance and the newly developed lm-forming method is simple, convenient, and applicable to many metal ions, the present study opens a new path to fabricate environmentally-friendly chemical conversion coatings.
Conclusion
A series of PA-M (M ¼ Zn 2+ , Ca 2+ , Co 2+ and Ni 2+ ) chemical conversion coatings with good anticorrosion performances were directly formed on the iron substrate by taking full advantage of the strong binding affinity of PA to the iron surface and the layer-by-layer growth of PA-M complexes on the PA primer through the bridging effect of metal ions (M) in the lm-forming solution. As compared with thin and porous PA lm, the PA-M coatings are denser and thicker, which gives them excellent anticorrosion properties, especially for the PA-Zn coating. Because the lm former, PA, is natural nontoxic compound and the lm-forming process of PA-M coatings is simple and environment-friendly, the new PA-M conversion coatings are expected to work as the substitutes for chromate and phosphate coatings and will nd wide application in the surface pretreatment of iron and steels.
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